Summary

1
In developing tissues, sheets of cells become planar polarised, enabling coordination of cell 2 behaviours. It has been suggested that 'signalling' of polarity information between cells may occur 3 either bidirectionally or monodirectionally between the molecules Frizzled (Fz) and Van Gogh 4 (Vang) . Using computational modelling we find that both bidirectional and monodirectional 5 signalling models reproduce known non-autonomous phenotypes derived from patches of mutant 6 tissue of key molecules, but predict different phenotypes from double mutant tissue, which have 7 previously given conflicting experimental results. Consequently, we re-examine experimental 8 phenotypes in the Drosophila wing, concluding that signalling is most likely bidirectional. Our 9 modelling suggests that bidirectional signalling can be mediated either indirectly via bidirectional 10 Introduction 15 Planar polarity and patterning of the insect cuticle 16
In multicellular organisms, cells in a tissue frequently adopt a common polarity such that they are 17 oriented in the same direction in the plane of the tissue. This is termed 'planar polarity' (or planar 18 cell polarity [PCP] ) and is necessary for morphogenesis, for instance ensuring cells within a group 19 all move or intercalate along the same tissue axis. Furthermore, planar polarity is essential for 20 tissue function, for example when motile cilia on the surface of an epithelium all adopt the same 21 orientation and beat in the same direction (reviewed in Goodrich and Strutt, 2011; Devenport, 22 2014; Butler and Wallingford, 2017; Davey and Moens, 2017) . 23
Cells within a tissue could each independently establish their planar polarity by reference to an 24 external cue such as a gradient of an extracellular signalling molecule, biasing protein localisations 25 to one or other side of a cell. Small biases could then be amplified through positive feedback to 26 generate strong polarity (Tree et al., 2002; Amonlirdviman et al., 2005; Le Garrec et al., 2006; 27 Abley et al., 2013; Warrington et al., 2017) . However, variation in signal levels across the axis of a 28 cell might be small and difficult to discriminate, leading to individual cells mispolarising. A solution 29
is for cells to interact: comparing and coordinating polarity with their neighbours, thus establishing 30 uniform polarity across a field of cells even in cases where the external graded signal is weak or 31 noisy (Ma et al., 2003; Burak and Shraiman, 2009) . 32
Evidence for cell-cell interactions during planar polarisation was provided by early transplantation 33 experiments (Piepho, 1955; Locke, 1959) and later by direct manipulation of underlying genetic 34 pathways in the fruit fly Drosophila (reviewed in Strutt, 2009 ). The best-studied pathway is known 35 as the 'core' pathway (Goodrich and Strutt, 2011; Aw and Devenport, 2017) , which shows clear 36 evidence of cell-cell communication. However, some experimental results remain controversial, 37 leading to uncertainty about the nature of such 'signalling'. 38
The core planar polarity pathway 39
The core pathway has six known protein components, which physically interact to form intercellular 40 complexes at apicolateral cell junctions (Fig.1A) . In planar polarised tissues, these complexes are 41 asymmetrically distributed to opposite cell ends. In the developing Drosophila wing, the sevenpass 42 transmembrane protein Fz localises to the distal side of cells (i.e. towards the tip of the wing) with 43 the cytoplasmic proteins Dishevelled (Dsh) and Diego (Dgo), whereas the fourpass 44 transmembrane protein Vang (also known as Strabismus [Stbm] ) localises proximally (closest to 45 the hinge or body of the fly) with the cytoplasmic protein Prickle (Pk). The sevenpass 46 transmembrane atypical cadherin Flamingo (Fmi, also known as Starry Night [Stan] ) forms 47 intercellular homodimers and localises both proximally and distally, bridging the two halves of the 48 complex (Fig.1A) . The asymmetric distribution of these proteins specifies 49 the distal position from which an actin-rich hair, or trichome, emerges in each cell (Fig.1B) . 50
Strikingly, non-cell autonomous activity within this pathway is observed when patches of cells 51 lacking Fz activity are juxtaposed to cells with Fz activity during wing development. The fz mutant 52 cells modify the polarity of their neighbours, whose trichomes point towards the fz mutant tissue 53 (Gubb and Garcia-Bellido, 1982; Vinson and Adler, 1987) . This is accompanied by relocalisation of 54 the core proteins parallel to the clone boundary ( Fig.1C) (Usui et al., 1999; Strutt, 2001; Bastock et 55 al., 2003) . Similarly, clones of cells lacking the activity of Vang alter the polarity of neighbouring 56 cells, in this case causing their trichomes to point away from the mutant tissue ( Fig.1D) (Taylor et 57 al., 1998) . 58
The reorganisation of polarity around clones of cells lacking Fz and Vang, and their colocalisation 59 on apposing junctions, suggests direct roles for these proteins in cell-cell communication. 60
However, loss of Fmi in clones results in loss of all other core components from junctions 61 (including Fz and Vang) (Strutt, 2001; Feiguin et al., 2001; Axelrod, 2001; Tree et al., 2002; 62 Bastock et al., 2003) , but does not cause significant repolarisation of neighbouring cells (Usui et 63 al., 1999; Chae et al., 1999) . Furthermore, cells with altered Fz or Vang activity, but lacking Fmi, 64 can no longer repolarise their neighbours, and cells lacking Fmi cannot be repolarised by 65 neighbours with altered Fz or Vang activity (Lawrence et al., 2004; Strutt and Strutt, 2007; Chen et 66 al., 2008) . These data support the view that Fz-Fmi complexes in each cell interact with Fmi-Vang 67 complexes in neighbouring cells, and these polarised molecular bridges are the conduits for cell-68 Experiments in the Drosophila wing were designed to reveal the mechanism of signalling through 75 examination of phenotypes around clones lacking both Vang and fz Chen 76 et al., 2008) . It was hypothesised that should signalling be monodirectional from Fz-Fmi to Fmi, a double Vang -fz -clone would resemble a fz -single clone. In this scenario, neighbouring 78 cells would not 'sense' the lack of Vang within the clone and would only be affected by the lack of 79
Fz activity (Fig.1E) . However, if signalling were bidirectional, neighbouring cells would no longer be 80 able to send or receive information to/from clonal cells that lack both Vang and fz and would thus 81 have normal polarity (Fig.1F) . In experiments, Vang -fz -clones showed little or no non-autonomy, 82 suggesting a bidirectional mechanism Chen et al., 2008) . 83
However, a later study suggested that Vang -fz -clones both qualitatively and quantitatively gave 84 the same phenotype as fz -clones, supporting monodirectional signalling from Fz-Fmi to Fmi-Vang 85 (Wu and Mlodzik, 2008 In studies on Drosophila abdomen hair polarity, it was also suggested that Fz-Fmi in one cell 89 signals monodirectionally to Fmi-Vang in the next (Lawrence et al., 2004) . However, on revisiting 90 this work, Lawrence and colleagues concluded that an experimental artefact had misled them 91 (Struhl et al., 2012) and a further series of experiments instead supported bidirectional signalling. 92
While the weight of evidence suggests bidirectional signalling is the likely mechanism, the 93 conclusions drawn, particularly regarding experiments in the Drosophila wing, remain 94 controversial. Furthermore, fmi -single clones have been shown experimentally to show no non-95 autonomy in most cases and weak proximal non-autonomy in some examples (Chen et al., 2008; 96 Le Garrec et al., 2006; Strutt and Strutt, 2007) , but the mechanisms discussed here do not make 97 predictions about the fmi -clone phenotype within the context of mono-or bi-directional signalling. 98
Mechanisms of feedback amplification of polarity 99
To generate a strongly polarised system, it is thought that small biases in protein localisation are 100 induced by global cues (e.g. gradients), which are then amplified by positive feedback (Aw and 101 Devenport, 2017) . Such feedback is most commonly assumed to occur through 'like' complexes of 102 the same orientation stabilising each other, and/or 'unlike' complexes of opposite orientations 103 destabilising each other (Fig.1G ). Both interactions are hypothesised to result in a local build-up of 104 complexes of the same orientation (Klein and Mlodzik, 2005; Strutt and Strutt, 2009) . 105
The non-transmembrane core pathway components, Dsh, Pk and Dgo, are required for 106 amplification of polarity by promoting segregation of the core protein complexes to proximal and 107 distal cell edges. Thus loss of their activity in clones of cells results in a failure of the mutant cells 108 to planar polarise. However, this does not cause significant repolarisation of neighbouring wild-type 109 cells Theisen et al., 1994; Amonlirdviman et al., 2005; Strutt and Strutt, 2007) . 110
A number of molecular mechanisms have been proposed to mediate such stabilising and 111 destabilising interactions. As core proteins progressively localise into clusters of the same 112 orientation during polarisation, it has been suggested that 'like' complexes may intrinsically cluster 113 (Strutt et al., 2011; Cho et al., 2015) and that this may be driven by multiple low-affinity interactions 114 between core proteins leading to a phase transition into a stable state (Strutt et al., 2016) . 115
Conversely, destabilising interactions have been proposed to occur via Pk-Vang inhibiting Dsh 116 binding to Fz (Tree et al., 2002; Amonlirdviman et al., 2005; Jenny et al., 2005) , or by Pk reducing 117 Dsh-Fz stability (Warrington et al., 2017) , or by Fz-Dsh promoting Pk-mediated internalisation and 118 turnover of Vang (Cho et al., 2015) . Since such mechanisms suggest an effect on the stability of 119 intercellular complexes this might predict a role in altering signalling between cells, although the 120 relationship between feedback and signalling directionality has not previously been examined. 121
Computational modelling of planar polarity 122 Numerous computational models have been proposed, implementing a variety of different 123 feedback interactions between core protein complexes, all of which successfully recapitulate a 124 polarised state (e.g. Amonlirdviman et al., 2005; Le Garrec et al., 2006; Burak and Shraiman, 125 2009; Schamberg et al., 2010 
Results and Discussion
137
A computational modelling framework for investigating cell-cell signalling and feedback 138 amplification in planar polarity 139
We developed a computational framework to model potential molecular mechanisms for planar 140 polarity signalling. The framework represents a simplified system, to allow rapid testing of different 141 signalling regimes and simulation of clone phenotypes. Planar polarity was simulated in a one-dimensional row of cells, each with two compartments 150 representing proximal (left) and distal (right) sides of the cell membrane, respectively (Fig.S1B) . 151
The system was initialised with one arbitrary unit (AU) of each molecular species per compartment 152 at the start of each simulation, except with a small imbalance in initial Fz level towards distal sides 153 of cells to provide a global orienting cue, which could be amplified by feedback interactions. Wild-154 type polarity was defined as higher Fz bound into complexes at distal cell ends and higher Vang 155 bound at proximal cell ends (Fig.S1C) . 156
As discussed, there is evidence for two forms of intracellular feedback interactions: local 157 destabilisation of 'unlike' oriented complexes, and local stabilisation of 'like' oriented complexes 158 ( Stabilising feedback interactions were implemented in a similar manner, by modulating reaction 165 on-rates, with Vang-or Fz-containing complexes stabilising themselves. 166
After exploring both destabilising and stabilising feedback interactions in simulations, we 167 concluded that in general these mechanisms polarised the system equivalently. However, while 168 stabilising feedbacks recapitulated key clone phenotypes, there were subtle differences in some 169
cases (e.g. Fig.S1D ; Supplemental Text for further discussion). In particular, for systems relying 170 only on stabilising feedbacks, 'unlike' complex stability was unchanged, thus the system was 171 slower to polarise and more sensitive to the rate of protein diffusion to sort complexes. Hereafter, 172
we describe models with destabilising feedbacks only. Since molecular evidence for local 173 destabilising feedback interactions both from Fz to Vang and from Vang to Fz have been reported 174 in the literature (Tree et al., 2002; Jenny et al., 2005; Cho et al., 2015; Warrington et al., 2017) , 175 both were implemented in these models, unless otherwise stated, by setting the values of V max,F 176 and V max,V to greater than 1 (see Experimental Procedures; Fig.1H ). 177
A set of ordinary differential equations describing the binding and diffusion events that occur in 178 complex formation and localisation ( Indeed, we found no non-autonomy around fz -or Vang -clones (Fig.2C,D ), thus this model failed 216 to meet criterion (ii). Increasing the strength of feedback did not result in non-autonomy around 217 such clones, while decreasing it below a threshold resulted in no polarisation. To rationalise this, 218
we consider the possible complexes that can form on the boundary of a fz -clone. Allowing all 219 complexes to form with equal affinity leads to equal amounts of Fz and Vang on the outer clone 220 boundary and thus no preferential accumulation of either protein over the other (Fig.S2A) Vang in the next cell (Fig.3A) . As for Model 1, we considered polarity to be amplified by mutually 239 destabilising feedback interactions, initially acting with equal strength (see Fig.1H ). 240
Monodirectional signalling resulted in polarisation of wild-type cells and furthermore, reproduced 241 the experimentally observed distal and proximal non-autonomy around fz -and Vang -clones, 242 respectively, for a range of feedback strengths ( Fig.3B-E ), thus meeting criteria (i) and (ii). We 243 rationalise this by considering that Vang binds preferentially to complexes containing Fz in the next 244 cell. Thus, in cells immediately neighbouring a fz -clone, Vang preferentially localises away from 245 the clone (Fig.S3A ) which results in reversed polarity distal to the clone. 246
The range of non-autonomy was a function of the strength of feedbacks (V max , where V max = V max,F 247 = V max,V ). Higher values of either parameter suppressed non-autonomy, since the amplification of 248 the initial bias in each cell dominated over the mislocalisation of protein complexes propagating 249 from the clone edge ( Fig.3C,E ; see Supplemental Text). 250
Simulations revealed that our model of direct monodirectional signalling showed distal non-251 autonomy around fmi -clones for a range of feedback strengths (Fig.3F ,G) and therefore did not 252 recapitulate experimental observations in the fly wing. We note that in the first cell neighbouring 253 the clone, neither Vang nor Fz could bind at the clone boundary (Fig.3F) . Thus, since we have 254 quantified non-autonomy via Fz localisation, the first cell proximal to the clone is also scored as 255 non-autonomous (Fig.3G) . 256
To rationalise the distal non-autonomy, we consider complexes that can form at a fmi -clone 257 boundary (Fig.S3B) . In cells immediately next to the clone, both Fz and Vang localise away from 258 the clone. However, Vang preferentially binds to Fz-containing complexes and thus accumulates 259 on the boundary furthest from the clone to higher levels than Fz and this difference is amplified by 260 the feedback interactions (Fig.S3B, orange 
Vang
- (Fig.3I,J) . For a limited parameter range (V max,F = 15, V max,V = 5), this model also generated 271 autonomous fmi -clones (Fig.3K) , thereby meeting all of our criteria. 272
Having found conditions (i.e. with stronger feedback from Fz) under which the direct 273 monodirectional signalling model could reproduce criteria (i)-(iii), we then used it to predict the 274 phenotype of Vang -fz -double clones, for which experimental results remain controversial (Strutt 275 and Strutt, 2007; Chen et al., 2008; Wu and Mlodzik, 2008) . Simulations revealed distal non-276 autonomy around such double clones (Fig.3L) . In cells immediately neighbouring Vang -fz -clones, 277
Vang preferentially binds to Fz-containing complexes and thus accumulates on the boundary 278 furthest from the clone (Fig.S3C, orange An alternative mechanism of signalling that has been presented in the literature is that of 286 bidirectional signalling. We next established a model of 'direct bidirectional signalling' (Table 1:  287 Model 3; Fig.4 ) to address whether it too could meet our criteria of generating a polarised steady 288 (Fig.4A, reaction 4) and Fz bound to a Fmi:Fmi-Vang complex (Fig.4A, reaction 5) had 290 low dissociation constants, but Vang bound to Fmi:Fmi (Fig.4A, reaction 3) and Fz bound to 291
Fmi:Fmi (Fig.4A, reaction 2) (Fig.4A) . As for our previous models, we considered 293 amplification to be mediated by mutually destabilising feedback interactions, initially acting with 294 equal strengths (see Fig.1H) . 295
In this model the expected distal and proximal non-autonomy were observed around fz -and Vang -296 clones, respectively ( Fig.4B-E) . We rationalise these phenotypes by considering the complexes 297 (Fig.S4A, orange  300 arrows). This model also recapitulated the expected phenotype of fmi -clones, for which neither Fz 301 nor Vang binding is favoured at clone boundaries, resulting in no propagating non-autonomy 302 ( Fig.4F,G; Fig.S4B (Fig.4H,I ). Considering the complexes that can form at this 307 clone boundary, both Fz and Vang can form trimer complexes on the edge of the clone, but these 308 are less favoured than tetramer complexes. Thus both Fz and Vang preferentially localise to the 309 boundary furthest from the clone where neither is favoured over the other (Fig.S4C) . Polarity 310 direction is thus driven by the initial bias in Fz localisation, not by the clone. 311
To examine whether our findings depended on our simplifying assumption that feedback 312 interactions act with equal strength, we relaxed this assumption and examined the model with 313 proximal non-autonomy (Fig.4K,L) , respectively. 317 For strong differences in feedback strength (i.e. V max,F = 5, V max,V > 8 or V max,V = 5, V max,F > 8), fmi -318 clones exhibited non-autonomy (Fig.4M) , thus failing to meet criterion (iii). In cells neighbouring 319 fmi -clones, the immediate boundary is unable to localise any complexes due to the inability to 320 form Fmi:Fmi dimers. Since all of the proteins in such cells must localise to the boundary furthest 321 from the clone, the protein mediating the feedback 'wins' on this boundary (Fig.S5A ). For instance, 322
Fz accumulates on the boundary furthest from the clone when it more strongly destabilises Vang, 323
and Vang accumulates away from the clone when it strongly destabilises Fz. In contrast, for weak 324 differences in feedback strength (e.g. V max,F = 5, V max,V = 8) little non-autonomy was observed in 325 cells neighbouring fmi -clones (Fig.4M) , thus meeting criterion (iii). We therefore examined the 326 phenotype predicted for Vang -fz -double clones under these conditions. They showed distal non-327 autonomy when feedback was slightly stronger from Fz, but proximal non-autonomy when 328 feedback was slightly stronger from Vang ( Fig.4N; Fig.S5B Fig.5 ). This 343 was achieved by setting the relevant binding rate constants (k 6 , k 7 ) to zero (Fig.5A) . We first 344 confirmed that this model could generate stably polarised cells through amplification of the initial 345 global cue by local destabilising feedback interactions both from Fz to Vang and from Vang to Fz 346 (Fig.5B) 
, thereby meeting criterion (i). 347
We next introduced clones into the model. In agreement with previous modelling work and despite 348 the lack of direct signalling across complexes, we found that fz -clones showed distal non-349 autonomy (Fig.5C ) and Vang -clones showed proximal non-autonomy (Fig.5D) Fig.5E ). This generates an imbalance whereby more Fz can bind to the outer clone boundary than 355
Vang and this difference can be amplified by feedback interactions (Fig.5E) . 356
Simulations revealed that fmi -clones were autonomous for this model (Fig.5F ). Since this model 357 was able to reproduce all single clone phenotypes meeting criteria (i)-(iii), we went on to use it to 358 predict the outcome of Vang -fz -clones. Such clones were autonomous (Fig.5G) , mimicking the 359 findings of the direct bidirectional signalling mode (Model 3). 360
We next relaxed our assumption that feedbacks operate with equal strengths and examined the 361 model with unbalanced feedbacks (V max,F ≠ V max,V ; for example Fig.5H ) or with just a single 362 feedback (where either V max,F or V max,V are 1). If only a single feedback was present, the system did 363 not polarise. We found that single fz -or Vang -clones behaved as expected when feedbacks were 364 unbalanced (Fig.5I,J) . 365
As for Model 3, weak differences in feedback strength (e.g. V max,F = 4, V max,V = 6 or V max,F = 6, 366 V max,V = 4) resulted in little non-autonomy in cells neighbouring fmi -clones (Fig.5K) , and criteria (i)-367 (iii) were all met. Thus, we examined the phenotype predicted for Vang -fz -double clones under 368 these conditions, finding them to show proximal non-autonomy when feedback from Vang was 369 stronger, but distal non-autonomy when feedback from Fz was stronger (Fig.5L) . For stronger 370 differences in feedback strength, fmi -clones exhibited non-autonomy (Fig.5K) , thus failing to meet 371 criterion (iii). 372
We conclude that Model 4 may be a valid model of planar polarity in the fly wing and that the 373 presence of two opposing feedback interactions results in 'indirect bidirectional signalling' (with the 374 balance of the feedbacks determining the balance of the directionality). 375
To summarise our findings so far, we can find regions in parameter space for the direct 376 monodirectional (Model 2), direct bidirectional (Model 3) and indirect bidirectional (Model 4) models 377 that recapitulate fz -, Vang -and fmi -single clone phenotypes. However, these models predict 378 qualitative differences in the phenotype around Vang -fz -double clones. To constrain our models 379 and identify the most likely mechanism of planar polarity signalling in the wing, we re-examined the 380
Vang
-fz -double clone phenotype. 381
The non-autonomous phenotype of fz -clones is suppressed by simultaneous loss of Vang 382
As the fz and Vang genes lie on different chromosomes, previous studies generated clones of 383 double-mutant tissue using transgenes that artificially provided fz or Vang function on a different 384 chromosome arm. These studies used exogenous promoters, which might not provide identical 385 activity levels to the endogenous genes Chen et al., 2008; Wu and 386 Mlodzik, 2008) . Thus in each study, cells lacking Fz and Vang activity are juxtaposed to 387 neighbours with potentially differing levels of Fz and Vang activity, and this may explain the varying 388 degrees of non-autonomous propagation of polarity reported in each case. 389
To circumvent the disadvantages inherent in this approach, we generated fz -clones in which Vang 390 activity was either normal or was reduced only within the cells of the clone using RNAi in a 391 MARCM GAL4/GAL80-dependent strategy (Lee and Luo, 1999 see Experimental Procedures) . In 392 this method, GAL80 suppresses expression of the RNAi transgene in all tissue except for the clone 393 tissue. No transgenes were used to substitute for Fz or Vang activity, and thus the different clone 394 genotypes should be directly comparable. 395
Control fz -clones in the pupal wing, examined shortly before or around the time of trichome 396 formation, showed the expected strong Fz and Vang localisation at clone boundaries (Fig.6A,  397 white arrowheads). Propagation of this aberrant polarity extended around 5-10 cells into 398 neighbouring tissue with associated mispolarisation of trichomes pointing towards clone tissue 399 (Fig.6B , arrows, Vinson and Adler, 1987; Strutt, 2001; Bastock et al., 2003) . 400
In fz -clones, expressing a UAS-Vang-RNAi transgene caused loss of immunoactivity for Vang 401 protein (Fig.6C ). There was no notable effect on trichome polarity outside the clones (Fig.6D) and 402 consistent with this, Fz and Vang recruitment to the clone boundary (Fig.6C, white arrowheads) 403 from other cell edges (Fig.6C , yellow arrowheads) was suppressed (Fig.6E) . 404 We further considered whether the differences seen in previous reports were due to the stage at 405 which trichome polarity was assayed, as two reports looked at pupal stages (Strutt and Strutt, 406 2007; Chen et al., 2008) and one analysed adult wings (Wu and Mlodzik, 2008) . However, looking 407 in adult wings in which Vang activity in fz -clones was reduced by RNAi, we again observed a 408 strong suppression of non-autonomy (compare Fig.6F ,G to Fig.6H,I ). 409
Thus, reduction in Vang activity in fz -clones reduces Fz and Vang localisation at clone 410 boundaries, and reduces propagation of polarity defects outside the clone, supporting previous 411 reports that the non-autonomy of Vang -fz -clones is suppressed as compared to fz -clones (Strutt 412 and Strutt, 2007; Chen et al., 2008) . Together with our modelling predictions this suggests that 413 signalling is bidirectional. Thus we reject Model 2 and conclude that Models 3 and 4 are plausible 414 models of planar polarity signalling in the wing. 415
Conclusions 416
We set out to understand the possible molecular wirings that might underlie the cell-cell 417 coordination of planar polarity. We specifically address possible scenarios that would explain the 418 observed behaviour of the core planar polarity pathway in the Drosophila wing, but our findings 419 also reveal other scenarios that could coordinate polarity in other contexts. 420
We developed a suite of models reflecting different 'signalling' regimes that could reproduce a wild-421 type polarised steady state and single clone phenotypes ( 
Experimental Procedures 450
Drosophila genetics 451
Mitotic clones were generated using the fz P21 allele, which is considered to be a null (Jones et al., 452 1996) , using the MARCM system (Lee and Luo, 1999) and Ubx-FLP (Emery et al., 2005) . Here, 453
tub-GAL4 and UAS-GFP were expressed in every cell, but tub-GAL80 suppressed expression of 454 UAS-GFP in heterozygous or twin-spot tissue only, thus GFP was only observed in fz -clone cells. with a non-overlapping independent pWIZ line (Bastock and Strutt, 2007) . Full genotypes were: 460 Fig. 6A,B 
Dissection and Immunohistochemistry 465
White prepupae were collected and aged as appropriate at 25°C. Pupal wings were dissected at 466 either 28 h APF to visualise polarity protein localisation, or at 32.25 h APF for trichomes. Pupal 467 wings were then fixed and stained as previously described (Warrington et al., 2017) . Briefly, pupae 468
were fixed for 30-45 minutes at room temperature, prior to dissection of the pupal wing. Wings 469 were transferred into PBS containing 0.2% Triton X-100 (PTX) and 10% normal goat serum to 470 block prior to antibody incubation. Wings were incubated with antibodies overnight at 4°C, and 471 mounted in 10% glycerol, 1xPBS, containing 2.5% DABCO (pH7.5). Primary antibodies for 472 immunostaining were affinity purified rabbit anti-GFP (ab6556, Abcam, UK), affinity-purified rabbit 473
anti-Fz (Bastock and Strutt, 2007) , rat anti-Vang (Strutt and Strutt, 2008) and mouse monoclonal 474 anti-Fmi (Flamingo #74, DSHB, (Usui et al., 1999) ). Trichomes were stained using Phalloidin 475 conjugated to Alexa-568 (Molecular Probes). Adult wings were dissected from newly eclosed flies 476 and transferred to a 10 µl drop of PTX in a depression slide for imaging. 477
Imaging 478
Fixed pupal wings were imaged on a Nikon A1R GaAsP confocal microscope using a 60x NA1.4 479 apochromatic lens, with a pixel size of 138 nm, and the pinhole was set to 1.2 AU. 9 Z-slices 480 separated by 150 nm were imaged, and then the 3 brightest slices around junctions were selected 481 and averaged for each channel in ImageJ. Adult wings were imaged on a fluorescence compound 482 microscope to capture trichomes in brightfield and GFP to mark clonal cells. Since brightfield and 483 GFP signals were in different planes, single slices were selected and realigned in Adobe 484
Photoshop. 485
Computational modelling 486
A detailed description of the model equations, assumptions, conditions, and parameters can be 487 found in the Supplemental Text. Briefly, the computational model comprises a set of coupled 488 ordinary differential equations, which encode intercellular binding reactions between core 489 proteins/complexes and intracellular diffusion in a one-dimensional looped line of cells aligned 490 along a proximodistal axis. This set of equations is solved numerically using an explicit Runge-491 Kutta method. A MATLAB implementation will be deposited in GitHub. Steady state was 492 considered to be achieved once levels of all molecular species remained constant after solving fora sufficiently long time (for example see Fig.S1E,F) . Wild-type polarity was defined as higher levels 494 of bound Fz on distal cell edges with higher levels of Vang on proximal cell edges and generally 495 these differences were strong when such bistability occurred. (Fischer et al., 2013; Klünder et al., 2013) and 504 L is the distance between compartments, estimated at 5 µm. 505
Feedback: Destabilising feedback is modelled by a Hill function of the form h(x) = 1 + (V max -506
w ), where [x] is the amount of protein x mediating the feedback. 507
The parameter V max determines the strength of the feedback as the maximum fold-change that can be conferred to the off-rate of each reaction. Since feedback can be mediated by either Fz or Vang, strength of feedback is determined by V max,F or V max,V , respectively. K determines the amount of protein x required to switch from weak to strong feedback and w determines the rate of this switch. We set K to 0.5, which is half of the initial concentration of Fz and Vang in each compartment. A higher value of w reflects cooperativity such that a small increase in [x] can cause large differences in its ability to destabilise complexes. Since we do not have evidence of enzymatic ability in these reactions which may cause such cooperativity, we aimed to maintain w as low, and is thus set to 2 in all simulations shown. (E,F) Monodirectional (E) and bidirectional (F) signalling predictions. 
